The work presents the results of the scanning electron microscopy (SEM) and Raman spectrometry studies of carbonaceous nanostructures containing nickel nanocrystallites. The films were obtained using a twostep method. In the first phase the Physical Vapour Deposition (PVD) method was applied, whereas in the second Chemical Vapour Deposition (CVD) method was used. The paper presents results for samples with various Ni content obtained with different parameters of the two-phase technological process. The research confirms that the thin films obtained by PVD method contain Ni nanocrystallites distributed in a carbonaceous matrix. The matrix is composed of various carbon allotropes (amorphous carbon, graphite, fullerene). The thin films made by CVD method make a matrix when multiwalled, carbonaceous nanotubes are obtained. Depending on the technological process parameters of each phase, we obtain multiwall nanotubes with a various degree of defects. 
Introduction
In the recent years the material engineering development has been observed and the carbonaceous nanomaterials have received special attention of many research teams. This is caused by the fact that carbon is able to create various chemical bonding types by means of different participation of π and σ electrons in them [1] . As a result, carbon can create structures with various electrical conductivity features -starting from insulation one (for diamond [2] ) and ending with metallic one (for nanotubes * E-mail: j.keczkowska@tu.kielce.pl [3, 4] ). Moreover, modifying carbonaceous nanostructures by introducing metallic nanostructures may not only influence the electron structure of the system, but also lead to quantum size effects changing certain macro-scale properties (e.g. electron emission [5, 6] ). In the literature the large group of works are devoted to the technology of production and characterization of carbonaceous nanostructures concerning nanotubes. This special attention results from nanotubes unique physico-chemical properties and the immense application potential [7] [8] [9] [10] . A real challenge for the scientists is the development of the synthesis process that obtains selectively defined carbonaceous nanotube type. A significant difficuly in optimising the methods of obtaining carbonaceous nanotubes is the fact that at present there is no general theory explaining the mechanism of their growth.
In this paper, the results of morphology and structure studies of Ni-C films by scanning electron microscopy (SEM) and Raman spectroscopy are presented. Special attention is paid to determine the way in which Ni wt. % content and xylene amount added in the CVD process influence morphology and graphitisation degree of the films obtained.
Experimental results
The technology of obtaining Ni-C films using a two-step method was developed in the Tele & Radio Research Institute in Warsaw [11] . In the first step of the process (PVD method) the films constituting the matrix for structures obtained in the second step (CVD method) are created. Depending on the technological parameter of each process, we obtain films with various weight percentage content of Ni and a various degree of structure defects. The more detailed information on the technological process can be found in works [12] [13] [14] .
In this paper the results of structure and morphology studies for films with various nickel content (from 58 to 69% wt.), obtained in the first and second process step, are presented. To facilitate sample identification, the samples obtained in the first process step (PVD method) were marked as 1, while those in the second phase (CVD method) as 2, besides letters.
In the PVD process the films were obtained as a result of simultaneous evaporation of two separate sources of C 60 fullerene and nickel acetate in a vacuum. The distance between the sources and silicon substrate, on which the film was being deposited, was constant and amounted to 54 mm. The processes were carried out in dynamic vacuum (10 −5 Torr) for 60 minutes. The parameters differentiating particular PVD processes were the substrate temperature and the amount of fullerene added resulting from changing C 60 source intensity. Consequently, films with various Ni % wt. content were obtained. Ni content in the studied samples was determined by atomic absorption spectroscopy -ASA), using AAS 5100 PC atomic absorption spectrometer manufactured by Perkin Elmer. Chosen technological parameters of the studied films obtained in PVD method are presented in Table 1 .
Films obtained in the first process step were a substrate for the films obtained in CVD method. The list of the studied films, including the modified technological parameters of the process in which they were obtained, is presented in Table 2 . It is assumed that Ni % wt. content will be modified by means of applying films obtained in various PVD processes as a substrate in consecutive CVD processes. Additionally, the duration of CVD process was changed, and consequently the amount of xylene added was modified for substrates obtained in the same PVD process. This was aimed at determining not only the optimum Ni % wt. content, but also duration and the amount of the hydrocarbon added in the CVD process. SEM investigations were performed with the JEOL 7600F field emission scanning electron microscope operating at 5 keV incident energy.
The Raman spectra measurements were carried out using Jobin Yvon-Spex T64000 Raman spectrometer with triple-grid monochromator, equipped with confocal microscope and CCD detector (with the resolution of 1024 x 256 pixels) cooled with liquid nitrogen. For the measurements the single monochromatisation was applied, with Rayleigh dispersion used effectively by Notch-type filters.
The measurements were carried out in ambient temperature for the excitation wavelength of 514.5 nm. Acquisition of spectra was performed for spectral range 150 do 3500 cm −1 .
SEM analysis
SEM images for films with various Ni content obtained in the first process phase are presented in Fig SEM images registered in the mode of Backscatter Electron Imaging (BEI) are presented in Fig. 2 . On the sample surface, very small, isolated bright nano-object identified as nickel nanocrystallites are observed (Fig. 2) . The distribution of their concentration on the surface does not depend on metal content of a given sample. In a case of negligible differences in Ni % wt. concentration, the modified substrate temperature in PVD process seems to be the most important factor. The presence of Ni nanocrystallites is confirmed also in studies using transmission electron microscopy (TEM) and X-ray diffraction [12, 15, 16] . In the paper [12] TEM results and electron diffraction patterns are presented for samples with Ni content ranging from 2.5 to 98% wt. They confirm the presence of Ni nanocrystallites with different size and fcc type of structure in the studied samples. 3 presents SEM images for 58% wt. Ni content obtained in various CVD processes. The parameter differentiating between particular processes was their duration, so hydrogen was added with a flow rate that was identical to that of xylene. The characteristic feature is that, depending on the process duration, nanotubes with various diameters, various lengths and various defect degree were obtained. For the shortest process lasting 10 minutes ( Fig. 3a) a growth of few nanotubes was observed. The increased process duration (amounting to 30 and 60 minutes - Fig. 3b-3c ) was accompanied with the increased quantity of nanotubes per µm of sample surface. At the same time it was not discovered that doubling the process duration leads to doubling the nanotubes' quantity in the film. Extending the process duration from 30 to 60 minutes increased the degree of defects in the structures obtained. 
Raman spectroscopy analysis
Raman spectra of the films obtained in PVD process are presented in Figure 5a . In the measured range (from 150 to 2000 cm −1 ) bands originating from C 60 fullerene, graphite and amorphous carbon (G and D bands) were observed. Moreover, a band characteristic of silicon was observed, with the maximum at 521 cm −1 [17, 18] , originating from the substrate. To obtain information on the location and intensity of the bands originating from carbonaceous structures, the spec- tra decomposition was performed using Lorentz function. The spectrum decomposition into bands was carried out using Origin software. Typical decomposition for C1 sample is presented in Fig. 5b . The parameters of the bands isolated as a result of the decomposition process (determination of the maximum location, and the half-intensity width) are presented in Table 3 .
The analysis enabled to define D and G bands as characteristic not only for the amorphous carbon, but also for defective graphite structures [19, 20] . The G band, with the maximum observed at 1588 cm −1 -1604 cm −1 , is connected with a nonocrystal graphite. It originates from the chain spatial configuration of carbon bondings with sp 2 hybridisation. The appearance of the D band with the maximum observed at 1336 cm −1 -1380 cm −1 , is related to the increased disorder of the graphite structure. This may result from the appearance of the ring spatial configuration of carbon bondings with sp 2 hybridisation accompanied by the formation sp 1 and sp 3 bondings [20] . Moreover, the I D /I G value (intensity ratio) indicates that the increase in the Ni weight content percentage corresponds to the decrease in the graphitisation degree of the sample.
The bands isolated by decomposition with the maximums located 1426-1434 cm −1 and 1464-1468 cm −1 respectively are related to the presence of C 60 fullerene in the layer. According to [21, 22 ] the first band corresponds to H g (7) mode, whereas the second to A g (2) mode.
In the Raman spectra for samples prepared by the CVD method, the D and G bands as well as the additional bands in the range of 2000-3500 cm −1 were observed (Fig. 6a) . Table 3 . Band analysis of Raman spectra for Ni-C nanostructures obtained in PVD process using Lorentz function.
Sample no.
D band C 60 (mode H g (7)) C 60 (mode A g (2)) G band The spectrum decomposition was carried out also using Lorentz function (Fig. 6b) . The results are presented in Table 4 . It is worth stressing that for A2-10 sample obtained in 10-minute technological process, as a result of decomposition, 7 bands were observed, and not 6 as in the case of other samples. Additionally, a band with the maximum at the wavelength of 1446 cm −1 was isolated, with the half-intensity width of 55 cm −1 (band parameters not included in Table 4 ). The origin of this band is unknown. Due to a large value of half-intensity width it may not be identified with a band characteristic of C 60 . fullerene. It is possible that due to the short duration of the CVD process this band is related to the carbon products originating from fullerene disintegration.
The first two bands observed in the analysis were interpreted as the D and G bands. The change of the I D /I G ratio value was accompanied by the shift of the G band maximum towards smaller values of the wave vector which may indicate the presence of amorphous carbon in the examined films [20] . The similar bands have previously been observed in the spectra of multiwall nanotubes [23] [24] [25] [26] [27] . A. Reyhani [23] claims that for the multiwall nanotubes obtained in CVD method, if Ni, Pd or Ni-Pd were used as catalytic agents, two main D and G bands were observed in the range of 1250-1450 cm −1 and 1550-1600 cm −1 respectively in the Raman spectrum. It is suggested that the shift of Raman frequencies of the G band may be explained here by the changed length of C-C bonds.
The presence of the carbonaceous nanotubes in the studied films is also confirmed by SEM method. Large internal diameters of nanotubes and the absence of modes related to radial oscillation in Raman spectra (in the area of 140-220 cm −1 ) confirm that the multiwall nanotubes were obtained.
The other four bands observed in the analysis in the range of 1900-3500 cm −1 may result from the carbon-hydrogen or oxygen-hydrogen interactions [28, 29] . Table 4 . Decomposition of Raman spectra of Ni-C nanostructures obtained in CVD process using Lorentz function. 
Discussion
Basing on the studies carried out and on the analysis of literature data, it was found that the films obtained in the first process step contain nickel nanocrystallites in carbonaceous matrix. Their presence, as well as the presence of C 60 fullerene, is confirmed also by TEM studies (unpublished). Ni nanocrystallites in films used as a substrate in CVD process play the role of a catalytic agent in the carbon nanotube creation. Effect of Nickel precursor on the growth of carbon nanotubes obtained by CVD method has been confirmed in numerous works [30] [31] [32] [33] [34] . The theoretical discussions in many papers [14, [35] [36] [37] confirm that the nanotube growth starts from fullerene particle. Further increase of the nanotube is due to connecting carbon atoms generated in hydrocarbon pyrolysis process. The authors of work [14] detailed discussed the role of the C 60 fullerene and nickel nanocrystallites in the process of obtaining nanotubes in PVD/CVD method.
Analysis of the SEM images shows that the growth of nanotube corresponds to the tip-growth model proposed by Amelinckx et al. [38] . This model is an adaptation of the model suggested by Baker [39] to explain the carbon filaments growth. Currently this is the most plausible model of nanotubes growth obtained in CVD method [40] [41] [42] . In this model three stages can be distinguished during the nanotube growth: nucleation - This model assumes that in order for the nanotubes to grow, the metallic nanocrystallite size must reach several nanometers. Otherwise the particles of the catalytic agent (Ni) are surrounded with graphene capsules and nanotube growth is prevented. Henceforth, the Ni nanocrystallite size determines the structure and diameter of the nanotubes obtained. In the case of A2-C2 samples, the nanotubes with the external diameters of 30-133 nm were obtained. Significant differences were observed within one sample, e.g. for C2-60 the diameters of the nanotubes obtained changed in the range of 45-133 nm. Such significant differences result from the fact that in the first step PVD process Ni nanocrystallites of different sizes were produced.
The tip-growth model may also explain the small quantity of nanotube structures in the films obtained in 10-minute process. In the films obtained in PVD process Ni nanocrystallites embedded in the carbonaceous matrix have a fullerene which must be damaged during the nanotube growth. Due to the number of the nanotubes appearing and to their ordering degree, the 30-minute processes seem to be an optimum solution. In the 60-minute process the nanotubes obtained are often highly twisted which may indicate to the significant quantity of defects in their structure.
Conclusion
The studies confirm that in the first process step the nanocarbonaceous films containing Ni nanocrystallites are obtained. Ni nanograins (of various dimensions) are embedded in the carbon matrix composed of nanographite, amorphous carbon and C 60 fullerene. The graphitisation degree for the studied films decreases when Ni % wt. content increases for the samples.
The films obtained in the second process step (CVD) contain both the amorphous carbon and multiwall nanotubes. In our measurement the graphitisation degree for the same Ni % wt. content in the studied layers decreases significantly after increasing with xylene. To determine the influence of xylene added in the CVD process on the graphitisation degree of the structures obtained, further research is needed.
It was found out that the efficiency of process of the multiwall nanotube creation depends on the technological parameters of each stage. To determine optimum conditions for carbon nanotube synthesis, further research is required.
